Introduction
The necessity to improve food and fiber production through agriculture has increased the exploitation of natural resources by human beings. Many of these resources are close to their support limits. The soil, a basic resource in any agro-ecosystem, is in a highly advanced stage of degradation in many parts of the globe (Islam and Weil 2000; Chan et al. 2002) .
In semi-arid regions, where the ecosystem is highly fragile, soil degradation is occurring over vast areas. In these regions, factors such as low soil fertility, high organic matter decomposition rates, high soil erosion, limited water availability and sporadic precipitation greatly limit agricultural production (Breman and Kessler 1997; Solomon et al. 2000) . In Brazil, the semi-arid regions are mainly located in the northeast, where the main vegetation is known as ''caatinga''-drought deciduous trees that lose their leaves during 5-9-month long dry season (Araújo and Tabarelli 2002) . The caatinga is the predominant biome in the Brazilian northeast, covering approximately 800.000 Km 2 , equivalent the 11% of the country (Figueirôa et al. 2006) . It is also one of the most densely populated semi-arid regions in the world, which, associated with its environmental fragility, results in a critical scenario for agricultural and human development.
Therefore, it is essential to propose agricultural methods and practices that respect the environmental potentialities in the semi-arid regions. In this context, agroforestry systems (AFSs), which are defined as land use systems in which woody plants are grown in association with agricultural crops, pasture or livestock (Breman and Kessler 1997) have been widely promoted as a sustainable food production system, and would be particularly attractive for under-developed regions, where the use of external inputs is not feasible (Breman and Kessler 1997; Nair et al. 1999 ).
In such a context, correct soil organic matter (SOM) management is critical to maintain the economic and environmental aspects of food production, especially in arid and semi-arid zones. Some studies have shown that agroecological practices, like agroforestry, are important to improve the quality and the amount of soil organic matter (Breman and Kessler 1997; Nair et al. 1999; Sharrow and Ismail 2004) . Furthermore, in semi-arid regions, AFSs may be an important way to increase soil organic matter inputs and the organic carbon contents of different soil organic matter components (active, slow, and passive), which will improve the quality of the soils of these regions.
Due to the complexity of the biological, chemical and physical soil processes and their interactions, the decomposition of soil organic matter components are highly variable. Therefore, it is of interest to study the dynamics of soil organic matter through its various pools, which differ in their residence time, soil function and control factors (Lal 1997 , Solomon et al. 2000 . Considering these aspects, this work was carried out in order to test the hypothesis that agroforestry systems can promote increases in the soil organic carbon pools, contributing positively to soil quality and to the implementation of more sustainable agricultural systems. Thus, the objective of this work was to evaluate and compare the impact of four agroforestry and a conventional farming system on the soil organic carbon stocks and pools.
Material and methods

Experimental area characterization
This study was developed in the Crioula farm, part of the National Caprine Research Center (CNPC) of EMBRAPA, Sobral, Ceará, Brazil. The farm is in the semi-arid region of Ceará at 3841 0 S and 40820 0 W, at an altitude of 70 m above sea level. The average annual temperature is 308C and the average annual rainfall is 790 mm (1997) (1998) (1999) (2000) (2001) (2002) , of which 85% falls between January and May. The dominant soil is an Ortic Cromic Luvisol. The main physical and chemical characteristics of this soil type are listed in Table 1 .
The treatments studied were: Agrosilvopasture (AGP)-1.6 ha in size designed in alley cropping system, which consisted of approximately 200 trees per hectare, corresponding to 22% soil cover. In this system, part of the wood of the native forest was cut and deposited on the soil in 3 m rows perpendicular to the slope, and the rest was used on the farm or sold at the market. The Leucaena was cultivated with a 0.5 m plant spacing on each side of the rows and maize (Zea mays L.) was cultivated between the rows. There was no application of chemical fertilizers and the soil preparation was performed manually by hoe. In the dry season, the area was used for grazing, with 20 ewes for 1 h per day in the morning. The inputs of organic residues were composed by: (1) wood and leaves that were cut in the beginning of the experiment; and annual inputs that were: (2) tree leaves that died during the dry season; (3) biomass from pruning the leucaena and native trees during the rainy season; (4) herbaceous biomass; (5) manure produced by ewes. On the other hand, there was annual removal from the area of: (1) crop residues (grain and straw); (2) part of the leucaena to produce hay; (3) leaves and branches by grazing. The quantification of the inputs and outputs for all treatments are detailed in Table 2 .
Silvopasture (SILV)-this treatment consisted of 4.8 ha that had the number of the trees reduced to approximately 260 trees per hectare, which corresponded to 38% soil cover. During all year this area and the adjacent native forest were used as grazing areas for 20 ewes. The inputs of organic residues were: (1) wood and leaves that were cut in the beginning of the experiment; and annual inputs that were: (2) tree leaves that died during the dry season; (3) manure produced by ewes. The grazing represented the output of organic residues in this treatment.
Traditional agrosilvopasture (TRAG)-this treatment represents a common agricultural model adopted in the Brazilian semi-arid region, which consists of the deforestation of the area, burning the residues, cropping for 2 years on average and finally leaving the area as fallow for 8-10 years. In 1997, a 0.8-ha area with native vegetation was deforested and the wood and leaves produced were burned. Afterwards, maize was cultivated in this area in 1998 and 1999. In the dry season, the crop residues and the grass area were used to feed 10 ewes. In this system, the inputs of organic residues were: (1) the weeding carried through 1998 and 1999; (2) approximately 40 % of the crop residues that remained after the ewes grazed; (3) tree leaves and herbaceous biomass that died from 2000 to 2002. On the other hand, there was annual removal from the area of: (1) crop residues; (2) leaves and branches by grazing.
Intensive cropping (IC)-this treatment corresponds to a conventional agricultural system that was cultivated intensively. An area of 1.0 ha was deforested and burned in 1997, and maize was cultivated from 1998 to 2002. The inputs of organic residues were: (1) the weeding carried through from 1998 to 2002; (2) crop residues. The harvest of maize represented the output in this treatment.
An area of native forest (NF) was also investigated for comparative purposes with these other cropping systems and sites. The native vegetation known as 'caatinga', which is characteristic of the Brazilian semi-arid region, consists of small, thorny trees that shed their leaves seasonally, and is associated with arid-adapted grasses. This deciduous forest is well adapted to the unpredictable rains and arid conditions. This area is part of a rotational system, which is used as pasture and as a source of wood during the dry season. Annually, there is an input of organic residues from leaves of the trees and herbaceous biomass, while a part of the herbaceous biomass is removed by grazing. 
Chemical analyses
In 2002, five profiles were opened in each selected area. The soil samples were collected at four depths: 0-6, 6-12, 12-20 and 20-40 cm, ground and passed through a 0.21-mm sieve to determine total soil organic carbon (SOC), quantified by wet combustion with a mixture of potassium dichromate and sulfuric acid (Yeomans and Bremner 1988) . The microbial biomass-C (C MB ) was determined by the irradiation-extraction method that uses microwaves (Islam and Weil 1998; Ferreira et al. 1999 ) and 0.5 mol l À1 K 2 SO 4 as an extractant followed by quantification of the C content by wet combustion (Yeomans and Bremner, 1988) . The conversion factor (K c ) used to convert the C for the C MB value was 0.33 (Sparling and West 1988; Ferreira et al. 1999) . The microbial quotient (qMic) was calculated by the proportion C MB /SOC. The mineralizable-C (C min ) was quantified by the CO 2 produced by the soil microbial biomass in 100 g of soil at 80% of field capacity over a 30 day incubation period, with absorption of the CO 2 produced by a 0.5 mol l
À1
NaOH solution (Anderson 1982) . The metabolic quotient (qCO 2 ) was calculated with the basal respiration data (Cmin/30 days) and C MB , and was expressed in mg CO 2 mg et al. 2002) . The free light fraction organic matter (f-LFOM) was determined by flotation in a NaI solution at a 1.8 g cm À3 density (Sohi et al. 2001) . The occluded light fraction organic matter (o-LFOM) was determined from the sediment material after measuring the f-LFOM. This material was submitted to vertical shaking for 16 h and separated by flotation as was done for f-LFOM. After that, the sediment was centrifuged at 3,200 rpm for 5 min, and finally the supernatant material was filtered and the o-LFOM separated. The material obtained (f-LFOM and o-LFOM) was dried at 658C for 72 h. The amount of C in the free and occluded light fractions was quantified by a CHNS/O elemental analyzer (Perkin Elmer 2400). The oxidizaible C fractions were obtained through the adaptation of the method described by Chan et al. (2001) . The C was quantified by organic matter oxidation with potassium dichromate in an acid medium (Yeomans and Bremner 1988) OC between 9 and 6 mol L -1 , and Fraction 4 (SOC -9 mol l À1 of H 2 SO 4 ): soil total organic C-oxidized OC in 9 mol l À1 .
The non labile carbon form (C NL = SOC À C L ) was determined by considering Fraction 1 as representative of the labile organic carbon (C L ). Based on the differences between the SOC from a native forest area (NF) and SOC from the cultivated systems, a Carbon Pool Index (CPI) was created and estimated as follows: CPI = SOC cultivated system /SOC NF . According to changes in the proportion of C L (i.e. L = C L / C NL ) in the soil, a Lability Index (LI) was calculated as: LI = L cultivated /L reference . These two indexes were used to determine the Carbon Management Index (CMI), which was obtained by the following: CMI = CPI · LI · 100 (Blair et al. 1995) .
The chemical fractionation of humic substances was carried out according to the differential solubility technique by separating the fulvic acid (FAF), the humic acid (HAF) and the humin (HUM) fractions (Swift 1996) . The C determination for each fraction was done by wet combustion with potassium dichromate in an acid medium (Yeomans and Bremner 1988) .
The total C stocks and the C pools (Mg C ha À1 ) for each depth were determined by the formula: C content · ds · th, where, ds is the bulk density (Table 2) and th is the thickness of the soil layer (m).
Statistical analysis
A randomized block design with five soil samples (pseudo-replicates) was used. The effect of soil management systems on the soil characteristics was evaluated by analysis of variance and the averages were tested by Tukey test at 5%. All statistical analyses were carried out by using the software SAEG (version 8.1) developed by the Federal University of Viçosa, Minas Gerais, Brazil.
Results
Total carbon stocks
After 5 years of evaluation, the IC, AGP and TRAG treatments had the highest reductions in the total soil organic carbon (SOC) stocks when compared with the native forest area (Table 3) . On the other hand, the losses in the SILV treatment compared to the reference area were not significant. The SOC losses were higher in the surface layer (0-6 cm), where the C stocks were reduced by 40.3, 38.3 and 35.2%, in the IC, AGP and TRAG, respectively (Table 3) . Considering the whole soil profile (0-40 cm), the SOC stocks in the IC and AGP treatments were reduced (P < 0.05) by 39.8 and 33.3%, respectively. Microbial biomass and mineralizable carbon
The largest microbial biomass carbon (C MB ) stocks were observed under native forest, which differed (P < 0.05) from the IC and SILV treatments at the 12-20 cm layer (Fig. 1a) . Comparing with the reference area, the C MB stocks in the IC and SILV treatments were reduced by 76 and 61.5%, respectively, at the 12-20 cm layer. Consequently, the mineralizable carbon (CO 2 -C) that represents the SOM fraction that is readily oxidized by microorganisms, showed the highest CO 2 -C stocks in the native area (Fig. 1b) , which is associated with greater C MB contents. The soil under the IC treatment had low C MB , but, higher CO 2 -C emissions. Figure 2a shows that the highest metabolic quotient (qCO 2 ) values were observed in the IC treatments at the 6-12 and 12-20 cm layers. As for the 0-20 cm layer, the treatments IC and AGP showed the highest and lowest qCO 2 values, respectively.
The microbial quotient (qMic) also indicated the quality of SOM and the microbial biomass equilibrium. The results obtained confirmed that the AGP treatment presented a higher C immobilization by soil microbial biomass. At the 0-20 cm layer, the qMic reached 2.6 and 1.8% in the AGP and NF treatments, respectively (Fig. 2b) .
Free and occluded light fraction organic matter
Although not statistically significant, representative differences in the free light fraction organic matter (f-LFOM) were observed mainly in the surface layer, where the lowest values were found for the AGP, TRAG and IC treatments. For instance, the f-LFOM-C stocks decreased 46, 59.6, and 47.6% in the AGP, TRAG and IC treatments, respectively, when compared to the native forest (NF) (Fig. 3c) .
For the carbon of occluded light fraction organic matter (o-LFOM C) only the AGP system was significantly different from the native forest area, with 69.2% of reduction at the 0-6 cm layer (Fig. 3d) . This behavior was similar to the f-LFOM content at all depths and confirmed the susceptibility of these treatments to soil organic matter losses.
Oxidizable carbon fractions
In the upper layer (0-6 cm), where the C stocks are the most easily oxidized, the fraction 1 (F1) was reduced (P < 0.05) by 50.6% in the IC treatment in relationship to the reference area. However, the results for AGP and TRAG systems also evidenced considerable reductions (Table 4 ). In the less oxidizable fraction (F4), soils under AGP and IC treatments presented the lowest values of C stocks, but only the IC and NF treatments were statistically different at the 6-12 cm layer (Table 4) . Carbon Management Index (CMI) values lower than 100 indicate the negative impact of the management practices on soil organic matter content and on the soil quality (Blair et al. 1995) . At the 0-6 cm layer, only the SILV treatment presented CMI above 100 (Fig. 4) , whereas the IC presented the smaller index at all depths evaluated, followed by the TRAG and AGP treatments.
Humic substances
The results of the C stocks on the humic substances showed a predominance of the humin fraction (HUM) over the humic (HAF) and fulvic (FAF) acid fractions. The HAF and FAF presented the highest variations among the treatments and depths evaluated (Fig. 5) .
The HUM fraction represented from 60% (NF) to 76% (IC) of the SOC at the 0-6 cm layer and from 60% (AGP) to 79% (TRAG) at the 20-40 cm layer. At the superficial layers, mainly the 0-6 cm layer, the treatments, such as SILV and NF, had less human intervention and concomitantly the highest C-HUM stocks (Fig. 5c) .
Considering the HAF and FAF, the treatments SILV, AGP and IC presented the highest C stocks in the upper two layers, compared to NF. For the whole layer (0-40 cm), both the SILV and IC treatments presented the highest C stocks considering the FAF and HAF. In contrast, for the HUM fraction the larger C stock was found in the native forest (NF), differing (P < 0.05) from the IC and AGP (Fig. 5a and b ).
Soil quality indicators
Comparing the results obtained in the management systems with the native forest area at the 0-6 cm depth, in general, the C MB , f-LFOM, and the most easily oxidized C fraction (F1) were more intensively reduced than the SOC stocks (Table 5 ).
Discussion and conclusions
Different management systems affect the SOC contents by changing the annual inputs of organic residues and modifying the soil organic matter decomposition rate (Stevenson 1994; Sanchez et al. 2003) . In the present study, only the AGP and SILV systems presented a net total and annual input of organic residues greater than the reference treatment (Table 2 ). This result is due to the quantity of plant residues produced by partial deforestation of native vegetation that were left on the soil in the AGP and SILV treatment when the experiments were started, and the new sources (pruning, manure and weeding) of organic matter. Whereas in the TRAG and IC treatments, in contrast, the native vegetation was totally deforested and burned, resulting in an organic matter losses due to the fire, and eliminating the natural input of residues. Therefore, the reductions in the SOC stocks observed in the IC and TRAG treatments could be related to both aspects, soil mobilization and organic residues input reduction, whereas in the AGP treatment the loss of SOC stock is more related to soil management. It is known that more intensive cropping systems favor aeration and higher soil temperatures, and can also cause soil disaggregation, which exposes physically protected organic material to microbial attack, thus accelerating the biological oxidation process (Solomon et al. 2000; Smith et al. 2001; Zibilske et al. 2002) .
Losses of C MB stocks in the IC treatment suggest that this compartment can be useful in monitoring early changes in SOM content, caused by soil management practices. Despite the low C MB stock values in absolute terms, this organic carbon pool is considered the most important labile C source of the SOM, which is vital to soil organic carbon dynamics, nutrient cycling and to the maintenance of soil environment quality (D Andréa et al. 2002; Dinesh et al. 2003) . On the other hand, the high biological activity indicated by the C-CO 2 contents, such as the one observed in the IC and NF treatments, may be a result of a large labile C reserve, where decomposition is intense. It could also be associated with the oxidation of organic materials from the breakdown of aggregates by human action, or as the result of the addition of organic residues. Nevertheless, care should be taken when interpreting this data, because high C-CO 2 emissions by soil microbial biomass could indicate a disturbance situation, but could also indicate a soil organic matter equilibrium state (Islam and Weil 2000) .
The low qCO 2 value found for the AGP treatment could be associated with a higher diversity of organic substrates in this system, which could favor the more efficient utilization of soil organic matter by the microbial biomass. In this system, the sources of organic material are herbaceous residues, bush and tree cuttings, crop residues and manure. Similar results, that indicate the importance of organic diversity in the SOM quality and biomass activity, were found by Bardgett and Shine (1999) and Dinesh et al. (2003) . Although the AGP treatment had significant reductions in the SOC stocks (Table 3) , the biological indicators (qCO 2 and qMic) pointed to the establishment of a new state of equilibrium for the soil environment under this system.
The f-LFOM reductions in the AGP and IC treatments appear to be related to the disturbance of the soil during the 5-year cropping system. In addition, the decrease in the f-LFOM stocks could also be associated with a higher biological activity (Smith et al. 2001) . On the other hand, the f-LFOM losses in the TRAG treatment were probably caused by the combined effects of 2 years of cropping and of burning, which would be in agreement with similar results reported by Chan et al. (2002) .
The o-LFOM can be considered a fraction of the SOM directly related to the formation and stabilization of soil aggregates. Its reduction over time may limit the sustainability of the system, mainly in regards to the soil physical attributes (Solomon et al. 2000; Chan et al. 2002) . Generally, the lowest f-LFOM and o-LFOM C stocks were found in the most intensive cropping treatments, AGP, TRAG and IC. Therefore, this is an indicator that the C losses are associated with the intensive soil mobilization, resulting in a greater SOM oxidation process (Yang and Kay 2001; Chan et al. 2002) .
In the oxidizable carbon fractions, the largest C reductions were observed in the most intensive cropping treatment (IC), confirming the negative effect of this management practice on labile and stable soil C fractions. In general, high C stocks were observed in the fraction 1 at the surface layer, indicating the presence of easily mineralized organic compounds. Positive correlation coefficients between this fraction (F1), f-LFOM (0.89) and C-CO 2 (0.73) stocks support these observations. Thus, fraction 1 may be associated with nutrient availability and with macro-aggregate formation (Blair et al. 1995; Chan et al. 2001) . The increase in organic C content with depth, mainly in the fractions 3 and 4, indicates an increase in the chemically and physically protected pools and reinforces the importance of continuous plant residue inputs on the soil surface for the formation of soil organic reserves.
The Carbon Management Index (CMI) provides a sensitive measurement of the rate of change in soil C dynamics of systems relative to a more stable soil (Blair et al. 1995; Leite et al. 2002) . Considering this aspect, only the SILV treatment in the superficial layer presented CMI above 100, providing evidence of the sustainability of this system. In contrast, the IC treatment had the lowest CMI values at all depths, which suggests that intensive soil management practices, especially in semi-arid regions, could result in a decline in soil quality.
Humic substances are considered the most stable fraction of soil organic matter, and for this reason, represent the main reservoir of soil organic matter. High humic substances contents observed in a soil are related to the formation of more stable organicmineral complexes (Stevenson 1994) . In our study the observation that less intensive treatments led to the highest C HUM stocks reinforces the assumption that minimizing soil mobilization and stable edaphoclimatic conditions favor the establishment of more stable chemical interactions among the humic substances and the soil mineral fraction (Stevenson 1994; Chan et al. 2002) .
The results obtained, in this study, for the fractionation of humic substances do not corroborate with other studies that indicate humin as the less affected fraction by management practices (Stevenson 1994; Duxbury 1989; Smith et al. 2001 ). Our results suggest that the higher C-FAF and C-HAF stocks found in the most intensive treatments, such as AGP and IC, were obtained from the degradation of the humin fraction, indicating that the soil environment under these management conditions is under a degradation process.
The findings here reported are in agreement with the hypothesis that labile C fractions are more sensitive to management practices (Blair et al. 1995; Yang and Kay 2001; D Andréa et al. 2002) . In addition, the results suggest that the C MB , f-LFOM, and the most easily oxidized C fraction (F1) could be used as more sensitive indicators, and be applied to monitor the changes that occur in the SOM contents caused by management practices as well as to investigate the soil quality status.
Therefore, our study showed that there was a considerable decrease in the quality of soils under those treatments that promoted more intensive soil disturbance, such as AGP, TRAG, and IC, which was demonstrated mainly by reductions in the labile C pools. In the AGP and IC treatments, soil mobilization promoted changes in the humic substances as well, indicating a degradation of the HUM fraction, suggesting that the soil environment was highly degraded. Thus, among all treatments evaluated, the silvopasture system (SILV) maintained and in some cases improved the status of the organic carbon pools. Therefore, this treatment can be recommended as a sustainable alternative soil management system that can be used in crop rotation systems in the semi-arid regions of Brazil.
